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Abstract 
The proton-pumping NADH:ubiquinone oxidoreductase is the first complex in the respiratory chains of many purple 
bacteria nd of mitochondria of most eucaryotes. The bacterial complex consists of 14 different subunits. The mitochondrial 
complex contains at least 29 additional proteins that do not directly participate in electron transfer and proton translocation. 
We analysed electron micrographs of isolated and negatively stained complex I particles from Escherichia coli and 
Neurospora crassa and obtained three-dimensional models of both complexes at medium resolution. Both have the same 
L-shaped overall structure with a peripheral arm protruding into the aqueous phase and a membrane arm extending into the 
membrane. The two arms of the bacterial complex are only slightly shorter than those of the mitochondrial complex 
although the protein mass of the former is only half of that of the latter. The presence of a novel redox group in the 
membrane arm of the complex is discussed. This group has been detected in the N. crassa complex by means of UV-visible 
spectroscopy. After reduction with an excess of NADH and reoxidation by the lactate dehydrogenase r action, a 
reduced-minus-oxidized difference spectrum was obtained that cannot be attributed to the known cofactors ravin 
mononucleotide (FMN) and the FeS clusters N1, N2, N3 and N4. Due to its positive midpoint potential the novel group is 
believed to transfer electrons from the FeS clusters to ubiquinone. Its role in proton translocation is discussed. © 1998 
Elsevier Science B.V. 
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1. Introduction 
The respiratory NADH:ubiquinone oxidoreductase, 
also known as complex I, is the main entrance for 
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electrons into the respiratory chains of many purple 
bacteria nd of mitochondria of most eucaryotes. The 
primary structures of the complex I subunits of 
Escherichia coli, Paracoccus denitrificans, Thermus 
thermophilus and Rhodobacter capsulatus are known 
[1-5]. The bacterial complex I is made up of 14 
different subunits, representing a minimal structural 
form of complex I. These subunits sum up to a 
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molecular mass of approximately 530 kDa. Seven of 
them are peripheral proteins including all subunits 
that bind the known redox groups of complex I, 
namely one FMN and up to nine iron-sulfur (FeS) 
clusters. The remaining seven subunits are hydro- 
phobic proteins predicted to fold into 55 a-helices 
across the membrane. Little is known about their 
function, but they are most likely involved in quinone 
reduction and proton translocation [6-8]. 
In addition to the homologues of the 14 procaryotic 
complex I subunits, the mitochondrial complex I of 
eucaryotes contains up to 29 other proteins. They add 
up to a molecular mass of approximately 1 MDa. The 
homologues of the seven hydrophobic bacterial 
subunits are mitochondrially encoded in all 
eucaryotes [6-8]. To a great extent the function of 
the additional subunits in the mitochondrial complex 
I is unclear. Two of them appear to be involved in a 
synthetic pathway which is important for mitochon- 
drial respiration [9]. The first is an acyl carrier 
protein carrying a phosphopantethein group, and the 
second belongs to a heterogeneous family of 
NAD(P)H dependent reductases/isomerases [10,11]. 
The subunits of complex I from Neurospora crassa 
are arranged in an 'L-shaped' overall structure 
[12,13]. One arm of the 'L' protrudes into the matrix 
while the other arm is embedded in the inner 
mitochondrial membrane. This two-part structure 
reflects the modular organization of complex I. All 
known redox groups are located in the peripheral arm 
which works as an NADH dehydrogenase. The 
membrane arm contains all hydrophobic subunits and 
is proposed to be involved in ubiquinone reduction 
and proton translocation [14]. The finding that the 
bacterial complex I of E. coli has a similar 'L- 
shaped' overall structure (see below) shows that this 
unusual shape has been conserved in evolution and is 
essential for its function. 
While the membrane arm includes roughly half of 
the mass of the entire complex, no redox groups have 
been detected yet in this part. The electron transfer 
between the redox groups of the peripheral arm of the 
complex does not provide enough free energy to 
drive proton translocation. Therefore, this process has 
to take place in the membrane part. These facts 
prompted us to search for a novel cofactor in the 
membrane arm of the complex. 
2. Three-dimensional gross structure 
Electron micrographs of the E. coli complex I 
demonstrate hat the bacterial complex has the same 
L-shaped structure as that of mitochondria [15]. The 
similarity in structure and handedness of the peripher- 
al arms of the bacterial and the mitochondrial com- 
plex allowed us to align both complexes (Fig. 1). The 
alignment of the bacterial and the mitochondrial 
membrane arm is arbitrary. Most of the mass differ- 
ence between the two models is evenly distributed 
around the membrane arm. Additional protein mass is 
also present in the peripheral ann of the mitochon- 
drial complex, particularly at the junction between 
the two arms. In the bacterial complex this junction is 
much smaller than in the mitochondrial complex 
which is stabilized by additional proteins. The small 
contact between the two arms of the bacterial com- 
plex explains why most complex I preparations from 
bacteria result in the isolation of the peripheral arm 
[6]. 
Although the E. coli complex has only half the 
mass of the N. crassa complex, both arms are nearly 
identical in length in the two complexes. However, 
the arms of the E. coli enzyme are much thinner than 
those of the N. crassa enzyme. Thus, the structural 
framework bearing the complex I machinery is made 
up of two elongated protein moieties, one protruding 
from the membrane, one buried in the membrane, and 
both arranged perpendicular to each other. Most of 
the additional subunits of the mitochondrial complex 
I are arranged around the catalytic core represented 
by the bacterial complex, and are most likely stabiliz- 
ing the complex [15]. 
3. A novel redox group in the membrane arm of 
complex I? 
The peripheral arm of the complex oxidizes NADH 
and transfers the electrons to the membrane arm. This 
is accomplished by the FMN and the FeS clusters. 
The electron transfer from NADH to the so-called 
high-potential FeS cluster N2 covers a midpoint 
potential range from -320 mV (the midpoint po- 
tential of NADH at pH 7) to -220 mV (the midpoint 
potential of cluster N2 in E. coli at pH 7) or to - 160 
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Fig. 1. Alignment of the models representing the E. coli and N. crassa complex I. (a) The N. crassa complex I as a grey wire model surrounding the solid 
E. coli complex I model with the peripheral arm colored in light grey and the membrane ann colored in dark grey. (b) A view of the model with the 
membrane arms pointing towards the reader. The three-dimensional models were calculated at 3.5 nm resolution by analysis of images of negatively 
stained complex I particles using the random conical tilt reconstruction technique [15]. The length of the peripheral as well as the membrane arm of both 
complexes is roughly 25 nm. 
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mV (the midpoint potential of cluster N2 in N. crassa 
at pH 7) [3,16], i.e., roughly one third to one quarter 
of the redox potential difference between the sub- 
strates NADH and ubiquinone (midpoint potential of 
+ 110 mV at pH 7). Therefore, it is unlikely that the 
electron transfer to N2 is coupled to proton transloca- 
tion. 
To maintain a reversible lectron transport through 
the complex, the membrane arm should contain redox 
group(s) with intermediate redox potentials. Other- 
wise, the gap in the potential between N2 and 
ubiquinone, namely 330 mV in the case of E. coli or 
270 mV in the case of N. crassa, would possibly 
render electron flow irreversible. It has been shown 
that the E. coli complex I is able to react with 
ubiquinone as well as with the naphtoquinones 
menaquinone and demethylmenaquinone wh n grown 
anaerobically [17]. The redox potential differences 
between cluster N2 and menaquinone or de- 
methylmenaquinone ar  140 mV and 260 mV, respec- 
tively. The E. coli complex I using de- 
methylmenaquinone as substrate spans roughly the 
same redox potential difference as calculated for N. 
crassa. The H ÷/e stoichiometry with nap- 
htoquinones as electron acceptors has been deter- 
mined to be at least 1.5 [18]. The H+/e - stoi- 
chiometry of the mitochondrial complex is 2 [19] 
suggesting the existence of two coupling sites in the 
membrane arm. 
First spectroscopic evidence for a novel redox 
group located in the membrane arm of complex I
from N. crassa has been obtained. Complex I was 
adjusted to different redox states. These redox states 
were characterized by UV-visible spectroscopy as 
well as by electron paramagnetic resonance (EPR) 
spectroscopy. A complex I preparation in the de- 
tergent dodecylmaltoside was reduced with a fivefold 
molar excess of NADH while UV-visible spectra 
were continuously recorded. After correction for the 
residual NAD + and subtraction of the spectrum of the 
air-oxidized complex, the difference spectrum (re- 
duced-minus-oxidized) shown in Fig. 2 (trace A) was 
obtained. The spectrum is characterized by the pres- 
ence of multiple overlapping absorption bands. An 
aliquot of the reaction mixture was analysed by EPR 
spectroscopy (Fig. 3, trace A). All EPR visible FeS 
clusters of complex I could be detected thus reflecting 
their reduced state. 
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Fig. 2. (Reduced-minus-oxidized) difference UV-visible spectra of 
complex I adjusted to two different redox states. (A) Spectrum of 
complex I immediately after reduction with a fivefold molar excess of 
NADH minus the air-oxidized spectrum of complex I. All redox groups 
of complex I are reduced. (B) Spectrum of complex I after partial 
reoxidation with the lactate dehydrogenase r action minus the air-oxi- 
dized spectrum of complex I. Only the FeS cluster N2 and the proposed 
unknown redox group are (partly) reduced. The spectra were obtained 
from absolute spectra normalized to an absorbance of 1.00 at 280 nm 
corresponding to 1.1 p,M complex I. The assay was performed in 50 mM 
Tris-HC1 pH 7.2, 0.1% dodecyl maltoside, 0.2 M NaC1 and 0.5 mM 
sodium pyruvate. Complex I was reduced by addition of l p,1 3.6 mM 
NADH and reoxidized by addition of l pJ L-lactate dehydrogenase (0.5 
mg/ml). 
The same reaction mixture was then adjusted to a 
very low NADH to NAD + ratio. This was achieved 
by adding lactate dehydrogenase and pyruvate. Most 
of the NADH was thus converted to NAD +. The 
redox potential as determined by the pyruvate/lactate 
couple was adjusted to approximately -150 mV. 
Under this condition, all low potential redox groups 
of complex I were reoxidized by NAD +. Again, the 
spectrum of the completely oxidized complex I was 
subtracted from the spectrum of complex I after 
reoxidation by lactate dehydrogenase (Fig. 2, trace 
B). This difference spectrum is characterized by a 
positive absorption band at 295 nm and a broad 
negative absorption band at 425 nm. The positive 
peak at 295 nm is also apparent in the spectrum of 
the completely reduced complex while the negative 
absorption at 425 nm is strongly overlapped. The 
EPR spectrum of complex I in this redox state shows 
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Fig. 3. EPR spectra of complex I adjusted to two different redox states. 
The spectra were obtained under the same experimental conditions as 
indicated in Fig. 2. EPR measurements were conducted with a Bruker 
EMX 1/6 spectrometer operating atX-band. The sample temperature was 
13 K and the microwave power 2 mW. Other EPR conditions were: 
microwave frequency, 9.44 GHz; modulation amplitude, 6 roT; time 
constant, 0.064 s; scan rate, 17.9 mT/min. 
the signal of cluster N2, while all other FeS clusters 
have been reoxidized (Fig. 3, trace B). Roughly half 
of cluster N2 is still reduced indicating that the 
ambient redox potential applied is close to its mid- 
point potential of -160 mV. This is in agreement 
with the redox potential calculated from the con- 
centrations of pyruvate and lactate, namely -150 mV. 
From these data, we conclude that there is a 
hitherto undetected redox group in the membrane arm 
of complex I. The midpoint potential of this group 
should be around - 100 mV. We were not yet able to 
adjust to potentials higher than -150 mV for the 
exact determination of its midpoint potential. We 
cannot rule out that the UV-visible absorption has to 
be attributed to cluster N2. However, the difference 
spectrum (Fig. 3, trace B) does not resemble the 
difference (reduced-minus-oxidized) spectrum of any 
known tetranuclear FeS cluster [20]. The next step 
for proving the existence of this group in complex I
will be its isolation and the determination of its 
chemical structure. 
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